This study presents the discussion of axial heat conduction in different hydraulic diameters of rectangular polydimethylsiloxane (PDMS) microchannels at a Reynolds number of 15. The hydraulic diameters of selected microchannel devices vary from 40 to 196 μm with an aspect ratio (i.e. height/width) of 0.1. The temperature data were acquired by the molecule-based temperature sensors technique with both fluid and surface temperature measurements. The temperature variation inside the microchannel shows enhanced temperature increase at channel inlet in the microchannel with hydraulic diameter of 40μm due to axial heat conduction effect. From these results, it can be concluded that the smaller hydraulic diameter cause the more severe influence of axial heat conduction.
Introduction
Axial heat conduction has been reported in the microscale heat transfer analysis using microchannel devices due to the relative scale between substrate thickness and hydraulic diameter of microchannel [1] . While the thickness of substrate is increased and close to the hydraulic diameter of microchannel, the energy from heater transfers to the microchannel inlet by heat conduction through the substrate instead of heat convection from the fluid in the channel. Peclet number (Pe) is a dimensionless parameter defined as Eq. (1) which considers the effects from heat convection and heat conduction of fluid. Generally, the axial heat conduction effect can be neglected in the analysis if Pe >> 1. However, the hydraulic diameter (D h ) and mean velocity (U m ) are much smaller in microchannel measurements compared to the macroscale channel; therefore, Pe may approach to or even less than unity. Consequently, the axial heat conduction effect cannot be neglected in microchannel experiments. Maranzana et al. [1] found that the efficiency of heat transfer decreases due to axial heat conduction effect and the Nusselt number (Nu) reduced while the fluid is in the low Reynolds condition (Re) regime. They proposed a dimensionless parameter named "axial conduction number (M)", which is defined as Eq. (2) and presents the extent of the axial heat conduction effect. They report that the influence of axial heat conduction for the fluid inside the channel can be neglect if M < 0.01. m h f U D Pe (1) where U m is the mean fluid velocity, D h is the hydraulic diameter of microchannel, and α f is thermal diffusivity of fluid.
where q" cond is conductive heat flux, q" conv is convective heat flux, k S is thermal conductivity of solid wall, e S is wall thickness, L is channel length, ρ f is density of fluid, C p is specific heat of fluid, and e f is fluid thickness. The axial heat conduction introduces stronger heat transfer and therefore larger temperature gradient of fluid in the region of channel entrance. The influence of axial heat conduction should be considered when designing the micro heat exchanger using microchannels with selected hydraulic diameter and substrate thickness. In this study, the heat transfer in the various microchannels are analyzed by applying molecule-based temperature sensors and the axial heat conduction effect with hydraulic diameters of microchannels are presented.
Experimental method

Background of molecule-based temperature sensors
The principle of molecule-based temperature sensors is based on the relation between the variation of temperature and chemical reaction of luminescent molecule. There are three steps in this reaction: excitation, emission and deactivation. When the molecule absorbs the energy from the photons during excitation, it transfers to excited state from the ground state. However, the excited state is not stable and it moves back to the ground state through deactivation and emission (luminescence). The luminescent intensity is determined by the temperature due to thermal quenching. The relation between the luminescent intensity (I) and absolute temperature (T) can be calibrated using Arrhenius equation or high order polynomial equation [2] . The detail of molecule-based temperature application in microchannel flow can be found in Ref [3] 
Where E nr is the activation energy for the non-radiative process, R is the universal gas constant, and T ref is the reference temperature in Kelvin.
Experimental setup
In this study, four microchannel devices are fabricated by standard soft lithograph process with polydimethylsiloxane (PDMS) with different sizes. The hydraulic diameters of these microchannels are varied from 40 to 196 μm with fixed aspect ratio (i.e. height/width) of 0.1 and lengths of 4 cm. The heater is positioned under the microchannel to provide the energy heating the fluid with power of 6.12 W. In order to ensure uniform heating during the experiment, a copper plate is inserted between the microchannel and the heater. The molecule-based temperature sensors have been applied as temperature-sensitive paint and temperature-sensitive solution consisting Ru(bpy)/dope and Rhodamine B respectively to measure the surface and fluid temperature. The experimental setup in current study is shown in Fig 1. During the surface temperature measurement, the temperature-sensitive paint is coated on the copper plate and the working fluid of experiment is DI water. On the other hand, the temperaturesensitive solution (Rhodamine B mixed in DI water) is injected and filled inside the microchannel as the working fluid during the fluid temperature measurement. The excitation light is located at the top of microchannel devices to illuminate the luminescent molecules. The luminescence is captured by a CCD camera at the same side of devices as excitation light. The luminescence captured by the CCD camera is depth-averaged signal through the microchannel (focus length of camera lens is greater than the depth of microchannel), therefore, the acquired fluid temperature can be regarded as the bulk mean temperature of fluid. The long pass filter is placed in front of the CCD camera to distinguish the excitation light and the luminescent signal. In-situ calibration and pixel-by-pixel correction have been applied during data reduction to ensure the accuracy of experimental results [4] . 
Results and discussion
The surface and fluid temperature profiles are successfully acquired by molecule-based temperature sensors at a Reynolds number of 15 in microchannels with different hydraulic diameters of 40, 102, 145 and 196 μm. The dimensionless temperatures (T * ) are calculated by Eq. (4).
The distributions of surface temperatures (T w ) at the centerline at bottom surface along the microchannel are shown in Fig 2(a) , and the dimensionless temperature distributions are shown in Fig 2(b) . The surface temperature distributions are similar while the hydraulic diameters larger than 102 μm. The surface temperature distributions are (2), it can be seen that the axial conduction number M is inversely proportional to the height of microchannel (e f ); therefore, M increases while the height of microchannel decreases, i.e. the hydraulic diameter decreases assumed constant aspect ratio. Fig 4 shows the Nu number distributions of microchannel with different hydraulic diameters. The calculated Nu numbers at fully developed region are lower than the theoretical estimation using parallel plate model in the fully developed region but higher at entrance. This is due to the increase axial conduction effect in the microchannel as presented from experimental results. It can also be noticed that the delay of fully developed region for the microchannel with smaller hydraulic diameter, which required longer distance due to axial heat conduction. 
Conclusion
In this work, the axial heat conduction effect on the heat transfer analysis in microchannel flow has been revealed by the molecule-based temperature sensors technique with different hydraulic diameters. In the results, it can be found that the axial heat conduction effect enhances the heat flux in the entrance region and increases the temperature gradient. Moreover, the axial conduction number increases while the hydraulic diameter decreases, and it shows greater axial conduction effect.
